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Intranasal inactivated influenza vaccines can elicit mucosal immune responses that protect against virus

infection. For the development of intranasal inactivated influenza vaccines, effective adjuvants inducing

minimal adverse reactions are required. Generally, however, lower toxicity adjuvants have lower

adjuvanticity. In this research, we fabricated nanoparticle-based adjuvants to enhance its adjuvanticity.

Herein, we focused on

low-molecular-weight

polyinosinic-polycytidylic acid, referred to as

uPIC(40:400), as a weak and less toxic RNA adjuvant. We conjugated uPIC(40:400) with different shaped
gold nanoparticles (AuNPs) electrostatically. Conjugation with gold nanorods, but not spherical AuNPs,
markedly enhanced the adjuvanticity of uPIC(40:400), leading to the suppression of viral infection in
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mice. Notably, conjugation with gold nanorods did not increase the inflammatory cytokine production in

dendritic cells. These data indicated that gold nanorods can provide a good platform for enhancing the

DOI: 10.1039/c8ra01690a

rsc.li/rsc-advances

1. Introduction

Currently, most vaccines are applied subcutaneously (SC) or
intramuscularly (IM) and the preference for the administration
route can vary depending on the infectious diseases. The
current standard influenza vaccine is a SC or IM injection type.
Intranasal influenza vaccination has various advantages over
subcutaneous or intramuscular vaccination. First, intranasal
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weak adjuvanticity of uPIC(40:400) while maintaining low inflammatory cytokine production toward the
development of intranasal inactivated influenza vaccines.

vaccines can induce a mucosal IgA antibody response in the
upper respiratory tract, promoting protection from influenza
virus infection.' Second, intranasal vaccination is needle-free.
This simplifies the vaccination process and reduces the risk of
accidental needle-stick injury. Live attenuated intranasal influ-
enza vaccines have been approved for clinical use; however,
these intranasal vaccines can be inoculated to only limited age
groups. To apply intranasal influenza vaccines to a wider range
of patients, intranasal administration of inactivated influenza
vaccines is considered to be a promising strategy in terms of
efficacy and safety.” However, in general, intranasal inactivated
influenza vaccines need adjuvants to induce an adequate
immune response.

Synthetic RNA analogues [e.g., poly(I:C)] work as an adjuvant for
intranasal inactivated influenza vaccines.®* The poly(I:C) interacts
with several receptors, such as toll-like receptor 3 (TLR3), to trigger
innate immune responses.* Although it has been reported that
only 40-50 base pairs are required for double-stranded RNA
(dsRNA) to interact with TLR3,>* the adjuvanticity of poly(I:C)s is
strongly dependent on their molecular weight. Poly(I:C)s with
a higher molecular weight tend to show not only higher adju-
vanticity but also higher toxicity.”® Therefore, low-molecular-
weight poly(I:C), which shows less toxicity, is required for clinical
use as an adjuvant from the view point of safety. Recently, Nakano
et al. reported a new synthetic approach to low-molecular-weight
(~400 bp) poly(I:C) with a narrow size distribution (Fig. S1t).
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They found that the annealing of multiple 40-base polyl molecules
with a single 400-base polyC molecule produces a double-stranded
poly(I:C) with uniform molecular weight distribution. This
combination prevents the elongation of dsRNA caused by their
linking and enables the use of low-molecular weight poly(I:C) of
stable length, reducing its toxicity.” This unevenly structured
poly(I:C) was referred to as uPIC(40:400). Although this
uPIC(40:400) is a promising adjuvant due to its low toxicity, its
adjuvanticity remains inadequate.

Nanoparticles are good candidates for use as uPIC(40:400)
scaffolds to enhance adjuvanticity. Nanoparticles have already
been widely used as vaccine carriers due to their ability to
enhance cellular uptake of drugs'®™ and activate immune
systems.”?° The immobilization of antigens onto nanoparticles
and resultant enhancement of immunogenicity were initially
demonstrated in the 1980s."* Regarding the targeting of the nasal
cavity, antigen delivery using nanogels*® and polymer nano-
particles* has been shown to be effective. Recently, the effects of
antigen carrier size and shape have also been investigated as the
size and shape of nanoparticles affect both nanoparticle
uptake*? and immune responses.***° Plebanski et al. reported
that the size of the antigen carrier influenced the immune
response pathway in vivo after intradermal immunization.*® We
previously demonstrated the effects of the shape of the antigen
scaffold on vaccine efficacy and cytokine production in mice
immunized intraperitoneally.*® Recently, adjuvant conjugation
onto AuNPs and subsequent application to vaccines has been
demonstrated. Radovic-Moreno et al. reported that the conjuga-
tion of CpG oligonucleotides onto AuNPs enabled the adjuvant
dose to be decreased while enhancing vaccine potency in
systemically immunized mice.** Zhang et al reported an
enhanced antigen-specific T cell response in mice intradermally
immunized with multilayered co-assemblies of antigen and
poly(I:C) on AuNPs.** Zhou et al. demonstrated that there was an
optimal size for AuNPs used as an antigen or adjuvant carrier to
enhance cellular immunity both in vitro and in vivo.** However,
for intranasal vaccines, the influence of the shape and size of the
carrier nanomaterial on adjuvanticity has not been explored.

Preparation of AUNP-PICs
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In this study, we aimed to clarify the shape- and size-related
effects of AuNPs as scaffolds for uPIC(40:400) adjuvants for the
intranasal influenza vaccine through a comparison with
conventional subcutaneous vaccination. We chose AuNPs as
scaffolds as they were easily synthesized to the desired shape
and size compared to other materials. AuNP-uPIC(40:400)
complexes (referred to as AuNP-PICs) were obtained by the
electrostatic conjugation of uPIC(40:400) onto the AuNP
surface. The AuNP-PICs were administrated subcutaneously or
intranasally with influenza virus hemagglutinin (HA, 10 or
100 ng). We chose the subcutaneously (SC) administration as
a standard reference to intranasal administration in this study.
The secreted levels of systemic IgG and mucosal IgA antibodies
against influenza virus hemagglutinin (HA) in the serum or
nasal wash were evaluated. The activities of the AuNP-PIC
adjuvants were further investigated from the virus levels
remaining in the nasal wash after challenge infection (Fig. 1).
The shape- and size-related effects of the AuNPs were found to
be dependent on the administration route and antigen dose. In
particular, for intranasal vaccination, the enhanced adju-
vanticity of uPIC(40:400) by conjugation with gold nanorods
with 10 ng of HA antigen dose was clearly demonstrated.

2. Materials and methods
2.1 Materials

All commercially available reagents were used without further
purification.  Cetyltrimethylammonium  chloride  (CTAC),
cetyltrimethylammonium bromide (CTAB), hydrogen tetra-
chloroaurate (m) tetrahydrate, silver nitrate and i(+)-ascorbic acid
were purchased from Wako Pure Chemical Industries (Japan).
Sodium borohydride was purchased from TOKYO Chemical
Industry (Japan). uPIC(40:400) was supplied from Kyowa Hakko
Bio (Japan). Poly(I:C) was purchased from GE Healthcare (USA). In
this study, we used two different strains of HIN1. Ether-split
vaccine of X-179A was kindly provided by the Research Founda-
tion for Microbial Disease of Osaka University (BIKEN, Kanonji,
Kagawa, Japan). X-179A is high-growth reassortant vaccine strains
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Fig. 1 Preparation of AUNP/uUPIC(40:400) conjugates and evaluation of the adjuvanticity and cytokine production.
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derived from A/California/7/09 (H1N1)pdmo09 for vaccine produc-
tion in embryonic eggs, and influenza vaccines in clinical use at
the time of our animal experiment contained HA antigens of X-
179. Mouse-adapted A/Narita/1/09 (H1N1)pdmo09 virus, which is
not a reassortant strain, was prepared according to the previous
report.” This strain is derived from a HIN1 pandemic human
isolate in 2009, which has the identical antigenicity to A/California/
7/09 (HIN1)pdmoO9 virus. In general, human influenza virus can
not replicate efficiently in mice, requiring that mice-adaptation
process for mice challenge experiment. The mouse-adapted A/
Narita/1/09 (H1N1)pdmo9 virus was developed for a mice chal-
lenge experiment by our group to test the efficacy of HA vaccines of
a HIN1 pandemic virus.*” Anti-Ms IgA () Ab HSA (Biotin) was
purchased from KPL (SeraCare Life Sciences, USA). Biotin-SP (long
spacer) AffiniPure Goat Anti-Mouse IgG (Fcy fragment specific)
was purchased from Jackson ImmunoResearch (USA).
Streptavidin-AP was purchased from Thermo Fisher Scientific
(USA). Phosphatase substrate was purchased from Sigma-Aldrich
(USA). BALB/c mice were purchased from Japan SLC (Japan).
C3H/HeNJcl mice were purchased from Hokudo (Japan). Dulbec-
co's modified Eagle's medium (DMEM), RPMI-1640 and lipopoly-
saccharides (LPS) were purchased from Sigma-Aldrich (USA).
DMEM (no phenol red), fetal bovine serum (FBS) and penicillin-
streptomycin were purchased from GIBCO (USA). Recombinant
murine GM-CSF was purchased from PEPROTECH (USA). Cell
Counting Kit-8 was purchased from DOJINDO (Japan). Interleukin-
1B (IL-1B) and tumor necrosis factor-o. (TNF-o;) ELISA kits were
purchased from R&D systems (USA). Interferon-f (IFN-B) ELISA kit
was purchased from PBL Assay Science (USA).

2.2 AuNP-PIC preparation

Cetyltrimethylammonium (CTA)-stabilized AuNPs were synthe-
sized by a seeding growth method as described previously.****
The surface of the AuNPs was functionalized by MTAB as
synthesized according to a previous report.* After residual
MTAB molecules were removed by centrifugation, MTAB-AuNPs
were added to uPIC(40:400) solution reconstituted in distilled
water and mixed gently.

2.3 Evaluation of AuNP-PIC adjuvanticity

2.3.1 Vaccination. Six- to eight-week-old female BALB/c
mice (n = 5-6 per group) were immunized intranasally or
subcutaneously twice at a 3-week interval with 100 or 10 ng of
ether-split influenza vaccine made from vaccine strain X-179A,
derived from A/California/7/09 (H1N1)pdmo9, in the presence
of AuNPs alone, AuNP-PICs or uPIC(40:400). Intranasal vacci-
nation was performed by instillation of 5 pL of vaccine solution
into each nostril (total 10 pL per mouse). Subcutaneous vacci-
nation was performed by injection of 100 pL of vaccine solution
into the dorsal part of the cervical region.*>*” All mice were
challenged with mouse-adapted A/Narita/1/09 (H1N1)pdmO09
virus (A/NRT), 2 weeks after the last vaccination. Infection was
performed by inserting 2 pL of a suspension containing A/NRT
in each nostril (total 4 pL, 40 000 plaque-forming units [PFUs]
per mouse). At 3 days post-infection, all mice were sacrificed to
collect serum and nasal wash samples for determination of

This journal is © The Royal Society of Chemistry 2018
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antibody levels and virus titers as previously described. Nasal
wash specimens were obtained from mice by washing the nasal
cavity of the isolated upper head with 1 mL of PBS(—) contain-
ing 0.1% bovine serum albumin and antibiotics.*® In the
experiments on intranasal immunization, we also checked the
virus titers as well as antibody responses, which correspond to
the levels of virus replication in the nasal mucosal tissues in the
vaccinated animals after virus challenge infection. All immu-
nizations and infections were performed under anesthesia.
These animal experiments were conducted in strict compliance
with animal husbandry and welfare regulations in handled in
biosafety level two animal facilities according to the guidelines
of the Animal Care and Use Committee of the National Institute
of Infectious Diseases, and were approved by this Committee.

2.3.2 Evaluation of antibody response. Hemagglutinin
(HA)-specific IgG and IgA antibodies in serum or nasal wash
samples were quantified by enzyme-linked immunosorbent
assay (ELISA). Recombinant trimeric HA, produced by the
method of Stevens et al.,*® was used as the coating antigen. HA-
specific IgA antibodies were detected using biotin-conjugated
goat anti-mouse IgA antibodies (Kirkegaard & Perry Laborato-
ries, USA) and alkaline phosphatase-conjugated streptavidin
(Thermo Fisher Scientific, USA). The detection reaction was
initiated by the addition of p-nitrophenylphosphate (Sigma-
Aldrich, USA) in 10 mM diethanolamine (pH: 9.8) containing
0.5 mM MgCl,. Absorbance at 405 nm was measured using an
iMark Microplate Reader (BIO-RAD, Hercules, USA). Pooled
nasal wash samples collected from hyperimmune mice was
used as a standard for the quantification of nasal IgA. ELISA was
performed using serial two-fold dilutions of standard serum
and nasal wash (NW) (from 1:100 and 1 : 1, respectively) as
described above. The reciprocal of highest dilution rate of
sample showing positive reaction was defined as ELISA unit.
The threshold value for positive reaction was defined as
mean =+ 3SD of serially diluted serum or NW samples collected
from a non-vaccinated BALB/c mouse.

2.3.3 Measurement of virus titers. Virus titers in the nasal
wash specimens were measured according to a previously
described method.* Briefly, 200 pL aliquots of serial 10-fold
dilutions of the nasal wash were inoculated into Madin-Darby
canine kidney (MDCK) cells in a six-well plate. After allowing the
plates to incubate for 1 h, each well was overlaid with 2 mL of
agar medium. The number of plaques was counted following
crystal violet staining at 2 days after inoculation.

2.4 Cytotoxicity assay and cytokine production
measurement

Murine bone marrow-derived dendritic cells (BMDCs) were
prepared according to a previously reported method.** These
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Hokkaido
University and approved by the Animal Ethics Committee of
Hokkaido University. For the evaluation of IL-1B production,
the collected BMDCs were primed with 50 ng mL ™" LPS for 3 h,
and then used without purification. BMDCs were mixed with
the adjuvant in RPMI-1640 supplemented with 10% FBS,

RSC Adv., 2018, 8, 16527-16536 | 16529
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100 U mL ™" penicillin, 100 pg mL~ " streptomycin, 25 mM
HEPES-KOH and 50 uM 2-mercaptoethanol. The BMDCs were
then seeded at 1.0 x 10> cells per well in a 96-well plate with
adjuvants. After incubation for 24 h, culture supernatants were
collected to measure cytokine concentration and cells were
washed twice with culture medium supplemented with 10%
FBS, 100 U mL ™' penicillin, 100 pg mL ™" streptomycin and
25 mM HEPES-KOH. Cellular viabilities were evaluated using
a Cell Counting Kit-8 (CCK-8). After incubation with CCK-8, the
absorbance at 450 nm was measured using a microplate reader
(infinite 200 PRO, Tecan, Switzerland). The concentrations of
IL-1B, IFN-B and TNF-a in the culture supernatant were deter-
mined by ELISA following the manufacturer's protocols.

2.5 Statistics

Statistical analysis was performed using the GraphPad Prism
statistical software package (Version 7.01: Graph Pad Software
Inc., USA). The threshold for statistical significance was set at
5% (p < 0.05).

3. Results and discussion
3.1 Preparation of AuNP-PICs

Spherical and rod-shaped gold nanoparticles were synthesized
via conventional seeding growth methods.*»** Synthesized
cetyltrimethylammonium (CTA)-stabilized AuNPs were func-
tionalized with (16-mercaptohexadecyl)trimethylammonium
bromide (MTAB) as MTAB functionalization provides a cationic
surface with lower cytotoxicity compared to CTA-stabilized
AuNPs due to the removal of excess surfactant.*> The average
size of the MTAB-functionalized AuNPs (MTAB-AuNPs) was
determined from transmission electron microscope (TEM)
images by counting at least 100 particles (Fig. 2). The mean
diameters of the spherical AuNPs were 20 + 0.9 and 41 +
2.2 nm. The mean lengths and diameters of the rod-shaped
AuNPs were 28 £+ 3.2 x 7.9 £ 0.9 and 41 £+ 4.8 x 12 £ 1.6
(core size in Table 1). Here, these MTAB-functionalized spher-
ical AuNPs are referred to as Sphere20 and Sphere40, and the
MTAB-functionalized rod-shaped AuNPs are referred to as
Rod30 and Rod40 in accordance with their shape and size.
MTAB-AuNPs were added to uPIC(40:400) solutions, afford-
ing the AuNP-uPIC(40:400) complexes (referred to as Sphere20-
PIC, Sphere40-PIC, Rod30-PIC and Rod40-PIC, respectively). To
standardize the uPIC(40:400) dose, the resultant AuNP-PICs
were used without purification. Conjugation of uPIC(40:400)
onto the AuNPs was confirmed by changes in zeta-potentials
from positive (39-64 mV) to negative (—47 to —53 mV). For
example, the zeta potential of Sphere20 was changed from
39 mV to —53 mV after addition to the uPIC(40:400) solution
(Table 1). The colloidal dispersibility in solution of the various
AuNP-PICs was examined by extinction spectra. The extinction
spectra of the AuNPs did not change after mixing with
uPIC(40:400) in water (Fig. S27), indicating that the AuNPs did
not aggregate after coating with uPIC(40:400) molecules. The
number of immobilized uPIC(40:400) molecules on a single
AuNP was quantified from the concentration of unbound
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Fig. 2 TEM images of MTAB-AuUNPs. (A) Sphere20, (B) Sphere40, (C)
Rod30 and (D) Rod40.

40 nm

&.“ 40 nm

uPIC(40:400) in the supernatant after centrifugation. The
average number of uPIC(40:400) molecules attached on a single
particle ranged from 5.2 to 20 molecules (Table 1). For the
vaccination, the AuNP-PICs were mixed with hemagglutinin.
We, therefore, investigated whether HA was attached onto the
AuNP-PICs using dynamic light scattering (DLS). The hydro-
dynamic diameter of the AuNP-PICs after mixing with HA did
not change (Fig. S37), whereas positively charged MTAB-AuNPs
showed a large shift in the DLS peak after mixing with HA
(Fig. S47). This difference suggests that the interaction of HA
with the AuNP-PICs is so weak that it can be ignored and that
the AuNP-PICs do not work as a delivery carrier of antigen HA.
For the in vitro study, the AuNP-PICs were applied to the culture
media. Thus, we investigated their colloidal dispersibility in the
culture media. All AuNP-PICs, except Rod30-PIC, showed good
dispersibility in the culture media (Fig. S57).

3.2 Adjuvanticity of AuNP-PICs

The AuNP-PICs were administrated subcutaneously or intra-
nasally to mice twice at a 3-week interval with an inactivated
split influenza vaccine containing partially purified influenza
HA antigens obtained by disruption of influenza virus virions by
treatment with ether solvent. Two weeks after the second
vaccination, mice were challenged with influenza A virus (A/
NRT). The nasal wash and serum samples were then collected
at 3 days post-infection to evaluate virus titers, and systemic and
mucosal antibody responses in mice (Fig. 1). For vaccination,
AuNP conjugations with a total of 10 or 1.0 pg (corresponding to
ca. 40 and 4 pmol, respectively) of uPIC(40:400)/head were
administrated as the adjuvant. The AuNP-PIC solutions were

This journal is © The Royal Society of Chemistry 2018
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Table 1 Physicochemical properties of the AUNP—PICs (means + SD)
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Size of core®

Zeta potential”®

Surface area

Number of uPIC

[nm] [mV] of core [nm”] (40:400)/particle”
Sphere20-PIC 20 +£ 0.9 —53 £ 6.7 1300 5.2+ 0.2
Sphere40-PIC 41 £ 2.2 —48 £ 4.8 5000 12 £ 0.1
Rod30-PIC 28 £3.2 x7.9+0.9 —47 £5.3 770 20 £ 1.1
Rod40-PIC 41 £ 4.8 x 12 £ 1.6 —49 £ 2.1 1800 10 £ 1.0

“ Nanoparticle sizes were determined from at least 100 particles in TEM images. b 7eta potentials of the AuNP-PICs and the number of immobilized

uPIC(40:400) molecules were determined from at least 3 independent experiments.

finally administrated soon after mixing with an aqueous solu-
tion containing 100 or 10 ng of HA antigens.

First, we evaluated IgG antibody responses in mice immu-
nized with 100 ng of HA subcutaneously, as this is commonly
used to assess vaccine-induced immune response. Commer-
cially available poly(I:C) was used as a positive control. No
significant difference was observed between the AuNP-PIC
groups and uPIC(40:400). On the other hand, in comparison
with the negative control (top bar in Fig. 3A left), all AuNP-PIC
groups showed significant responses, whereas uPIC(40:400) and

Subcutaneous

poly(I:C) did not (Fig. 3A left). Although uPIC(40:400), the
AuNP-PICs and poly(I:C) seemed to show similar IgG responses,
a trend toward higher IgG responses in the AuNP-PIC groups
were observed.

The adjuvanticity of the AuNP-PICs for the intranasal
vaccine was then evaluated. Before intranasal immunization,
we observed Sphere40-PIC and Rod40-PIC uptake in the nasal
epithelium. Fig. 4 showed TEM images of tissue sections of the
nasal epithelium after intranasal immunization. Both
Sphere40-PICs and Rod40-PICs were found among the cilia and

Intranasal

A AuNPs

HA  uPIC(40:400) poly(:C) Systemic IgG response (a.u.) Systemic IgG response (a.u.) Mucosal IgA response (a.u.)
Format [fmol]  [ng] [Mg] [mg] 0 2 4 6 8 10 0 2 4 6 8 10 o 2 4 s 8 10
none o - - -
none - 100 - - =
none - 100 10 &
Sphere20 1 100 10 - "
Sphere40 1 100 10 - : H
Rod30 1 100 10 - I
Rod40 1 100 10 -
none - 100 - 10
Intranasal Intranasal
B AuNPs HA  uPIC(40:400) poly(I:C) IgA [ELISA unit] o Virus titer [pfu/mL]
Format  [fmol]  [ng] [ugl bl 0 100 200 300 400 500 ¥ 10" 10 10° 10¢ 10° 10°
none - - 0o oo
none - 100 - g
none - 100 10 (S) 00 —l:} *
Sphere20 1 100 10 o “ *
Sphere40 1 100 10 - -
Rod30 1 100 10 o o
Rod40 1 100 10 o o
Sphere20 1 100 - -
Sphere40 1 100 =
Rod30 1 100 -
Rod40 1 100 -
none - 100 - 10

Fig. 3

(A) Antibody production in mice immunized with 100 ng of antigen HA (X-179A ether-split vaccine) combined with adjuvants subcu-

taneously (SC; left) or intranasally (IN; center, right). For the IN immunization, two independent experiments were carried out (n = 5-6 in each
experiment). Data were normalized against the poly(l:C) group. These normalized values were shown as arbitrary units (a.u.). Regarding the
intranasal immunization shown (A), two independent experiments were carried out. Average values of antibody responses were obtained from
normalized data against the poly(l:C) group in each experiment. (B) Negative correlations between HA-specific IgA antibodies and viral loads in
nasal wash samples. Each circle represents an individual titer, and each bar represents the mean of IgA ELISA units and the geometric mean titer
of the virus titers. The dotted line indicates 50 pfu mL™* of virus titer, which was the detection limit. Statistical analysis was performed using
Kruskal—Wallis tests with Dann's multiple comparison tests. The asterisks *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001,
respectively.
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in the cellular vesicles in the nasal epithelium, indicating that,
regardless of the shape of the AuNPs, AuNP-PICs can reach the
cells located in the nasal epithelium via intranasal immuniza-
tion, although their efficiencies remain unclear. Then, intra-
nasal immunization was conducted using the same dose as the
subcutaneous immunization to evaluate systemic IgG and
mucosal IgA responses. Unlike the subcutaneous immuniza-
tion, uPIC(40:400) itself showed a significant adjuvant effect on
IgG antibody response. Significant IgG antibody responses were
also confirmed for all AuNP-PIC groups (Fig. 3A center). With
regard to the IgA response to the intranasal immunization, all
uPIC(40:400), poly(I:C) and AuNP-PIC groups showed signifi-
cant responses, except for Sphere40-PIC, in comparison to the
response induced by HA alone (Fig. 3A right). Thus, for the
intranasal immunization using 100 ng HA antigens, we
concluded that all AuNP-PIC groups except for Sphere40-PIC
showed the same level of adjuvanticity as uPIC(40:400) and
poly(I:C). Interestingly, Sphere40-PICs demonstrated a negative
effect when used for intranasal immunization, despite the
positive effect observed for subcutaneous vaccination. This
indicates that the shape and size of the adjuvant scaffold should
be optimized according to the vaccine administration route.

View Article Online
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To protect from influenza virus infection, mucosal IgA anti-
body against the virus is particularly crucial.* In one set of
experiments (n = 5-6) on intranasal immunization, we also
checked the virus titers as well as antibody responses, which
correspond to the virus levels remaining in the nasal wash after
challenge infection. The groups showing higher mucosal IgA
antibody responses tended to show lower virus titers (Fig. 3B).
This good correlation between mucosal IgA antibody responses
and virus titers indicates that the induced IgA antibodies play
a principal role in protecting against viral infection.

For intranasal vaccination, the administration of a high dose
(100 ng HA) suppressed the virus titer too efficiently as shown in
Fig. 3B to evaluate differences in adjuvanticity among the
AUNP-PICs. Thus, the administration level of HA was reduced
to 10 ng to allow better evaluation of adjuvanticity using virus
titers. When Rod30-PICs and Rod40-PICs with 10 ng of HA
antigen were used, significantly higher adjuvanticity was
observed in comparison to uPIC(40:400), while Sphere40-PICs
did not show significant adjuvanticity (Fig. 5 left). As
a control, Rod30 and Rod40 without uPIC(40:400) did not
induce any reduction in the viral titer (Fig. 5 left), indicating
that the gold nanorods themselves did not demonstrate any

Fig. 4 TEM images of nasal epithelial tissue from mice administrated Sphere40-PICs (A and C) or Rod40-PICs (B and D) intranasally.
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adjuvanticity under these conditions. Fig. 5 shows that the
lower doses (12 ng AuNPs) of Rod30-PIC and Rod40-PIC are
more effective in reducing the viral titer than the higher doses
(120 ng AuNPs). Although the reason for this is unclear, we
assume that there might be an optimal amount of adjuvant for
the induction of effective immune responses. The protection
from viral infection with a lower adjuvant dose is preferable as it
minimizes the risk of adverse reactions. On the other hand, no
significant differences between Sphere20-PICs or Sphere40-PICs
and uPIC(40:400) alone were observed when 10 ng of HA
antigen was used (Fig. 5 right). These results clearly show that
uPIC(40:400) adjuvanticity was enhanced by conjugation with
Rod30s and Rod40s rather than with Sphere20s or Sphere40s at
a lower range of HA doses, thereby demonstrating a shape-
related effect on intranasal vaccination.

These in vivo studies newly demonstrate two points: (1) the
shape-related effect of the adjuvant scaffold is dependent on the
administration route, and (2) rod-shaped nanoparticles are
effective as a scaffold for RNA adjuvants for intranasal vaccines
at low antigen doses.

3.3 Cytokine production from BMDCs treated with AuNP-
PICs

Cytokines are a key mediator in the induction of immune
responses. However, excess cytokine production can cause
various adverse effects.>*** When attempting to enhance the
adjuvanticity of uPIC(40:400), it is important to avoid excess
cytokine production which can lead to toxicity.>® Further, it was
expected that the information obtained on cytokine production
could provide some sights into mechanisms associated with in
vivo adjuvanticity. Thus, we evaluated cellular viability and the
production of three cytokines; IL-1B, IFN-f and TNF-o.
Commerecially available poly(I:C) and alum, a TLR3 agonist and
an inflammasome activator, respectively, were used as positive
controls.

This journal is © The Royal Society of Chemistry 2018

First, we checked cellular viability using a Cell Counting Kit-
8 (CCK-8) after incubation with AuNP-PICs for 24 h. When
BMDCs were stimulated with 10 ug mL ™" of poly(I:C), a signifi-
cant reduction in viability, which was comparable to that
induced by 200 ug mL™" of alum, was observed. On stimulation
by the AuNP-PIC groups, BMDC viabilities were maintained
compared to the uPIC(40:400) group (Fig. 6A), supporting the
notion that the AuNP-PICs did not cause cellular damage in
vitro.

IL-1B is a major mediator of the innate immune system and
inflammation.*” Various particles are known to induce IL-1P
production, such as amino-functionalized nanoparticles,'* rod-
shaped particles with a high aspect ratio®®* and larger-sized
particles.®® In our experiment, increased IL-1p production was
induced by Sphere40-PICs, but not by Sphere20-PICs, Rod30-
PICs or Rod40-PICs (Fig. 6B). This result indicates the Rod30-
PICs and Rod40-PICs did not cause lysosomal rupture. We
assumed that Sphere40-PICs induced the highest level of IL-1f
production as Sphere40-PICs have the largest volume among
the tested particles, thereby causing some damage to the
lysosome.

IFNs and pro-inflammatory cytokines are secreted upon
stimulation by dsRNAs.* The level of IFN-B production was
somewhat increased by the conjugation of uPIC(40:400) with
Sphere40s, and slightly increased by that with Rod30s (Fig. 6C).
Rod30-PICs at the highest AuNP concentration tended to
aggregate in the medium (Fig. S31). This aggregation may affect
IFN-B production through particle size enlargement. Interest-
ingly, when compared to poly(I:C), uPIC(40:400) and AuNP-PICs
induced little IFN-B production. This suggests that the AuNP-
PICs may elicit the immune responses through a pathway that is
not dependent on TLR3, in other words, the conjugation of uPIC
to AuNPs may affect the immune routes. Further, Sphere40-PICs
with 200 and 400 pM of AuNPs induced higher levels of IFN-
B production than did uPIC(40:400). As Sphere40-PICs showed
higher IL-1B induction, which can be caused by lysosomal

RSC Adv., 2018, 8, 16527-16536 | 16533
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Fig.6 (A) Cellular viability of BMDCs treated with AUNP—PICs containing 10 ug mL™ of uPIC(40:400) final concentration for 24 h at 37 °C (means
+ SEM, n = 3). (B) IL-1B, (C) IFN-B and (D) TNF-a production from BMDCs treated with AUNP—PICs for 24 h at 37 °C. For the evaluation of IL-18
production, BMDCs were primed with 50 ng mL~! of LPS for 3 h. Alum and poly(l:C) were used as positive controls. The detection limit is
indicated by the horizontal dotted line. Statistical analysis was performed against uPIC(40:400)-treated BMDC groups using one-way ANOVA
tests with Dunnett's multiple comparison tests. Positive controls (right side of the vertical dotted line) were excluded from the statistical analysis.
The asterisks *, **, *** gnd **** indicate p < 0.05, p < 0.01, p < 0.001 and p = 0.0001, respectively.

rupture, Sphere40-PICs may induce IFN-f production through
activation of RIG-I-like receptors* in the cytoplasm.

We next checked the production of TNF-«, a representative
pro-inflammatory cytokine that plays a role in host defense
against infection. Treatment with uPIC(40:400) alone, Rod30-
PICs and Rod40-PICs induced almost no enhancement of
TNF-a production, whereas slight levels of TNF-a were induced
by incubation with Sphere20-PICs and Sphere40-PICs (Fig. 6D).
Additionally, as antigen immunogenicity has been reported to
be enhanced by conjugation with nanoparticles,*® we tested
whether the HA antigen affects cytokine production when
stimulated with AuNP-PICs. No changes in IFN-B or TNF-
o production were observed for the AuNP-PIC groups in the
presence of HA antigen, indicating that the induction of cyto-
kine production by the AuNP-PICs was not influenced by the
presence of HA antigens (Fig. S67).

16534 | RSC Adv., 2018, 8, 16527-16536

In the in vitro experiments, Rod30-PICs and Rod40-PICs
induced low levels of cytokine production while Sphere40-PICs
tended to induce inflammatory cytokine production. Since this
tendency does not correlate with adjuvanticity observed for in
vivo vaccination, we cannot identify the detailed mechanism
based only on the cytokine production. Importantly, however, the
low levels of inflammatory cytokine induction by Rod30-PICs and
Rod40-PICs are helpful in avoiding the adverse reactions origi-
nating from excess cytokine production. Therefore, the rod-
shaped gold nanoparticle/uPIC(40:400) complexes appear to be
good potential adjuvants for the development of intranasal
inactivated influenza vaccines with fewer side effects.

4. Conclusion

In summary, we investigated the influence on adjuvanticity of
the shape and size of AuNPs as scaffolds for the immobilization

This journal is © The Royal Society of Chemistry 2018
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of uPIC(40:400) through a comparison of intranasal and
subcutaneous administration. For the subcutaneous vaccina-
tion, IgG antibody responses were slightly enhanced by conju-
gation with AuNPs, and the effect of the AuNP shape on the
systemic IgG responses was limited for all tested AuNP-PICs.
On the other hand, for the intranasal vaccination at a lower HA
dose, Rod30-PICs and Rod40-PICs clearly suppressed viral
infection while Sphere20-PICs and Sphere40-PICs did not. In in
vitro experiments, Rod30-PICs and Rod40-PICs did not increase
inflammatory cytokine production, which is known to be
a potential cause of adverse reactions. From these results, we
concluded that the shape-related effect of AuNPs is dependent
on the immunization route, and gold nanorods afford an
effective adjuvant scaffold for uPIC(40:400) as an intranasal
influenza vaccine. Our findings indicate that utilizing shape-
controlled nanoparticles as scaffolds for adjuvant molecules is
a good approach to enhance weak adjuvanticity without
resulting in excessive inflammatory responses. In other words,
the appropriate choice of nanomaterial shape could be crucial
to the design of safe and effective intranasal inactivated
vaccines. More comprehensive studies of nanoparticles are ex-
pected to reveal further applications.
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